In this paper, we experimentally demonstrated a self-seeded wavelength-division-multiplexed passive-opticalnetwork (WDM-PON) based on a high polarisation dependent gain reflective-semiconductor-optical-amplifier (RSOA). The experimental results show a possibility of implementing a WDM-PON with 16 channels of 100 GHz channel-spacing at 2.5 Gbit/s for a reach of 60 km. Considering FEC error-free transmission for all channels, an optical feeder budget of 22 dB was obtained. In the experiment, a drop fibre was experimented with different lengths up to 5 km. A total distance of 25 km was also achieved for a WDM-PON at 5 Gbit/s per channel.
INTRODUCTION
The Gigabit and 10 Gigabit-capable passive optical network (G-PON) concepts aim at providing an economic implementation of access fibre network for broadband residential services. A new transport segment brought by C-RAN (Cloud Radio Access Network) [1] is based on digital radio-over-fibre (DRoF) technology implemented over fibre resources with some stringent requirements such as a low latency (typically round trip times for this segment below 400 μs (equivalent to 40 km reach) for long term evolution-advanced (LTE-A) and 700 μs for LTE) and symmetrical bit rates ranging from 0.6 Gbit/s to 10 Gbit/s [2] . The drawbacks of existing PON solutions are the asymmetrical bit rates and the latency. Moreover, in C-RAN architecture one needs to establish one logical point-to-point link between a base band unit (BBU) and a remote radio head (RRH) on an antenna (3 RRH/antenna) for each mobile technology (2G, 3G, LTE) which could lead to a great need of fibre dispense. A solution is the use of a wavelength-division-multiplexed passive-optical-network (WDM-PON) [3] which maintains a shared feeder fibre as illustrated in Figure 1 .
Figure 1. The use of WDM-PON with colourless transceivers within a C-RAN context
WDM-PON provides the ability to associate one wavelength to a single user which could be of any type (business, long distance network termination, mobile network termination, access network termination). The WDM technology in our experiments is based on self-seeded reflective semiconductor optical amplifier (RSOA) [4] . The self-seeded RSOA WDM-PON brings advantages in terms of cost, colourless and identical devices at each termination of the network. It is moreover simplified wavelength operation: the wavelength is automatically and only set by the connection to a channel of a multiplexer associated to a mirror, both of them placed in the infrastructure of the network. This operation creates an external cavity source whose length varies according to the distance between the RSOA and the mirror.
EXPERIMENTAL SETUP
Our experimental setup for an upstream transmission is illustrated in Fig. 2 . The RSOA used in the experiment has a high polarisation-dependent-gain (PDG) with a pure TE mode reflection enhancement. This characteristic imposes polarisation controlling in order to maintain a maximum gain [5] . Therefore, a 45° Faraday rotator (FR) is set right after the RSOA to maintain the same polarization axe after one round trip in the cavity. Aligned polarisation ensures that signals travelling inside the cavity are reflected and amplified by the RSOA with the highest quantity. This leads to a high round trip gain signal and a steady performance. Then, an arraywaveguide-grating (AWG) of 16 channels is used after the FR to assign wavelength for different channels. The output of the AWG is connected to a 90° Faraday rotator mirror (FRM) via a 10/90 coupler. The 90% power portion is reflected at the FRM, and 10% power is sent to the receiver. The combination of the RSOA, the AWG and the FRM forms an external cavity source which acts as a laser cavity for different wavelengths in the WDM-PON. The characteristics of the high-PDG RSOA of each channel are described in Fig. 3 . Figure 3a shows the ASE spectrum at the output of the RSOA and the sliced spectra of 16 channels at the output of the coupler. Sixteen channels named as Ch01-Ch16 are located in a wavelength range of about 12 nm from 1527.16 nm to 1539.10 nm with 100 GHz (~0.8 nm) interspacing. In the case of not using the FRM, no cavity formed, the output power is thus at low level as seen with grey spectra curves. The output power is enhanced significantly when the FRM is plugged to the coupler (colored curves). Figure 3b numerically compares the power of different channels with and without the FRM. As we can see, a cavity gain of about 20 dB is obtained for all channels. At the RSOA bias current of 100 mA, the output power for each channel was measured. It varies from -16 dBm (Ch01) to -10 dBm (Ch05). The variation of the output power can be understood by referring to the output ASE spectrum of the RSOA and its ripple. The relative intensity noise (RIN) is investigated for nonmodulated signals from the cavity. For clarity, 5 examples (Ch01, Ch04, Ch08, Ch12, and Ch16) are shown in Fig. 2c . Ch04, Ch08 and Ch16 have a RIN level below -128 dBc/Hz. Ch01 and Ch12 have a high peak of RIN value of about -103 dBc/Hz at a high frequency (~18 GHz). 
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RESULTS AND DISCUSSION
The self-seeded WDM-PON was experimented at different bit-rates of 2.5 Gbit/s and 5 Gbit/s per channel. At both these bit-rates, the cavity length or drop fiber, L cav , varies from a short length of 10 m to a long distance of 5 km. The system performance is assessed by measuring the bit-error-rate (BER) for different transmission lengths, L trans (or feeder fiber).
3.1 WDM-PON at 2.5 Gbit/s with 10 m cavity length A 2.5 Gbit/s signal is directly modulated in non-return-to-zero (NRZ) with amplitude of 2-Vpp and a PRBS of 2 31 -1 bit-length. At the reception, the signal is directly detected by an avalanche photodiode (APD) with a 3 GHz bandwidth. To obtain a BER evolution, an attenuator is put before the APD photodiode in order to vary the received power.
The ASE optical power at the output of the RSOA is 6.1 dBm (at a bias current of 100 mA). The insertion loss of the FR45° is measured to be 0.3 dB, and the loss due to imperfect reflection of the FRM is 0.65 dB at the wavelength of 1535 nm. The insertion loss of the AWG for each channel is about 2 dB. The average optical power of the modulated signal at the cavity output of -8.7 dBm is measured for Ch08, and -9.2 dBm for Ch16, for examples.
The evolution of BER with respect to received power was measured for all channels. The BER evolution for back-to-back (B2B) case of 5 channels is shown in Figure 4a . Ch08 and Ch12 have a BER lower than 10 -9 with a received power sensitivity of -23 dBm and -22 dBm, respectively. Ch16 is the worst case in terms of BER measurement. This can be attributed to the low RIN level of Ch16. As we can see in Fig. 4b , at high frequency region (> 2 GHz), Ch08 has lowest RIN, while Ch16 has the highest RIN. For example, at a frequency of 2.5 GHz, the RIN level of the Ch08 is -117 dBc/Hz, and -112 dBc/Hz for Ch16. 
Figure 4. BER versus received power in B2B (a) and 2.5 Gbit/s RIN measurement (b) for different channels; BER of Ch08 for different transmission feeder length (c).
To evaluate an available quantitative amount of optical power, an optical feeder budget is defined as the total possible optical power (10% output branch of the coupler) between the remote node (RN) and the base station (the received power at photodiode) at the BER of 10 -4 . This BER value is the limit for an error-free transmission when applying a forward-error-correction (FEC). For most of channels, an optical budget of about 22 dB can be tolerated. Only Ch16 has the lowest optical budget of 19.5 dB.
The further experimental results for Ch08 channel is shown in Fig. 4c . The BER evolution was measured with different transmission lengths. For the case of short cavity length (10 m), the transmission feeder fiber can reach 60 km while the BER is still under the standard FEC limit (10 -4 ). The optical budget for a 60 km transmission is 15 dB. For a 25 km transmission length, the BER is less than 10 -8 , and the optical budget is about 22 dB.
WDM-PON at 2.5 Gbit/s with 5 km cavity length
The self-seeded WDM-PON based on the high PDG-RSOA was experimented with a cavity length up to 5 km. The experiment proves that in this WDM-PON access network, the drop fibre can reach to 5 km. In other words, RRHs can be far 5 km from the remote note (RN). In the experiment, the RSOA is still biased at 100 mA. Effect of the fibre losses and dispersion after round-trip propagation with in the cavity somewhat degrades the output signal compared to the previous case of a short cavity length (10 m). For almost every channels, the average optical power at the 10% output of the coupler was measured at about -14 dBm. Figure 5a illustrates the BER evolution of B2B measurements for 5 channels out of 16 channels. Ch08 presents the best results with the BER of 10 -5 at the received power of -20 dBm. The BER measurement for the Ch08 was also implemented for different length of transmission as seen in Figure 5b . For the cavity length of 5 km, the longest feeder fibre can be 25 km, meaning that the RRH can be 30 km far from the BBU. This is shorter in total distance than the previous experiment; it however has an advantage of a longer drop fibre.
WDM-PON at 5 Gbit/s per channel
The WDM-PON system was also tested at 5 Gbit/s NRZ signal with a PRBS of 2 7 -1 bit-length over the same experimental setup but using a PIN photodiode with a bandwidth of 10 GHz. For all channels, the optical power measured at the 10% output of the coupler is about -11 dBm. BER evolution is measured for all channels with different cavity lengths. For each cavity length, the transmission is increased as long as possible, provided that the BER of 10 -4 can be obtained. gives an example of BER measurement and its corresponding eye diagrams for Ch08 at different transmission lengths. With a short cavity length of 10 m, the transmission distance can reach 25 km as seen in Fig. 6a . The optical feeder budget of 16 dB was measured for a BER at 10 -4 . When the drop fibre is 1 km long, the longest transmission distance is limited to 10 km (Fig. 6b) .
CONCLUSIONS
Self-seeded RSOA based technology for WDM PON is an attractive solution to provide an automatic and passive wavelength assignment of the transceiver. In this paper, we have presented an implementation 16×5 Gbit/s and 16×2.5 Gbit/s WDM-PONs based on a high PDG RSOA combined with the FR and FRM. For a system of 16×2.5 Gbit/s, a possible total length from an RRH to a BBU of 60 km and 25 km for a 16×5 Gbit/s WDM-PON was obtained. With the advantage colourless transceivers which provide automatic and passive selection of the wavelength, self-seeded RSOA based WDM-PON shown in this paper is demonstrated to be a suitable candidate for the purpose of BBU hostelling in a C-RAN context.
